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Dynamical decoupling is a technique that protects qubits against noise, the ability to preserve
quantum coherence in the presence of noise is essential for the development of quantum devices. Here
the Rigetti quantum computing platform was used to test different dynamical decoupling sequences.
The performance of the sequences was characterized by quantum process tomography and analyzed
using the quantum channels formalism. It is shown that dynamical decoupling does not merely
change the coherence times of the qubit, instead, it creates an effective environment. As in early
dynamical decoupling experiments, it is also shown here that the performance of the sequences can
be limited by pulse imperfections. However, the performance can be improved using robust sequences,
i.e. dynamical decoupling sequences that are robust against experimental imperfections.
Introduction. In the past decade, there has been a great
effort in the development of quantum technologies, such
as quantum computers, sensors, and memories. Notable
devices are the quantum computers remotely accessible
to the public via cloud services. As any quantum system,
such computers are subjected to errors arising from un-
avoidable interactions with the environment or control
imperfections. The currently available quantum comput-
ers are subjected to a high level of noise, these computers
are non-fault-tolerant machines usually referred to as
noisy intermediate-scale quantum (NISQ) computers [1].
To make the computation reliable and efficient, it is pos-
sible to use quantum error correction (QEC) codes [2].
The theory of QEC states that it is possible to achieve
fault-tolerant quantum computations of arbitrary length
provided that the error per gate remains below some
threshold [3] and high-fidelity auxiliary states are pre-
pared [4, 5]. However, QEC requires a large number of
auxiliary qubits and the practical implementation of QEC
codes in the current quantum computers remains a chal-
lenge. Therefore, it is desirable to develop methods that
can be used to reduce the noise level and control imper-
fections.
Dynamical decoupling (DD) is a widely used technique
to avoid decoherence in quantum systems. The decoupling
approach was originally developed in the framework of nu-
clear magnetic resonance (NMR) [6, 7]. In standard DD, a
sequence of pulses, rotations by pi, is periodically applied
to a quantum system to attenuate the system-environment
interaction. Experimental tests of DD implemented in dif-
ferent types of qubits have demonstrated the resulting
increase of the coherence times by several orders of magni-
tude [8–14]. In nuclear spins in rare-earth-doped crystals,
for example, a quantum memory with six-hour coherence
time was achieved by employing decoupling [15]. Apart
from preserving the state of a quantum memory, it was
also experimentally demonstrated that DD can be used to
implement decoherence protected quantum gates [16–20]
and to enhance the sensitivity of quantum sensors [21, 22].
Earlier experiments also showed that the main limitation
to DD is pulse imperfections [23].
Using the IBM and Rigetti platforms, it was demon-
strated in [24] that DD can protect quantum states of
individual qubits and entangled two-qubit states. In that
work, it was used the simplest universal decoupling se-
quence, namely the XY − 4. This sequence is capable
to cancel perturbations of the most general environment
up to the first order [6], but has little robustness against
experimental imperfections [23]. Here we use the Rigetti
Computing platform to test different robust DD sequences
in superconducting qubits. It is shown that the applica-
tion of XY −4 can extend the lifetime of a qubit, but also
can acts counterproductively due to pulse imperfections,
while the usage of robust DD can correct those pulse
errors. By performing quantum process tomographies it
is also shown that the qubit dynamics under DD cannot
be understood as a simple modification of its coherence
time.
Robust Dynamical Decoupling. When a qubit is sub-
jected to an unwanted but static magnetic field, we can
preserve the qubit state by refocusing its evolution using
a Hahn echo, i. e. placing a single rotation by pi in the
middle of the evolution. If the magnetic field fluctuates
in time, the Hahn echo must be replaced by DD. The
simplest sequence that is capable to refocus magnetic
fields fluctuating along the three coordinate axes is the
XY − 4, defined as the repeated application of the basic
block [τ/2−X − τ − Y − τ −X − τ − Y − τ/2], where
X and Y are rotations by pi about the x and y axes and
τ represents a time where the qubit evolves freely. Here
the coordinate axes are defined as the axes of the qubit
Bloch sphere.
The XY − 4 sequence has limited decoupling perfor-
mance and robustness against experimental imperfections,
however, its performance can be improved by different
strategies. One strategy is a technique called concatenated
dynamical decoupling (CDD) [25–27], where the basic
XY − 4 block is concatenated recursively. Another ap-
proach was introduced in early NMR experiments [28, 29]
and consists of combining one basic building block with
a symmetry-related copy. The sequences built within this
approach, such as the XY − 8 and XY − 16, exhibit
good robustness against the most common experimental
imperfections [23]. It is also possible to build extremely
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Figure 1: Typical relaxation curves obtained in an inversion
recovery experiment (a) and a Hahn echo experiment (b). The
experiment was performed in a superconducting qubit of the
Rigetti’s quantum chip. The relaxation times were determined
as T1 = 25µs and T2 = 35µs.
robust DD sequences that do not result from the basic
XY − 4. This is the case of the Knill Dynamical Decou-
pling (KDD) [30], built from composite pulses, and the
Universally Robust (UR) sequences [31].
Methodology. The performance of the sequences must be
quantified regardless of the initial state, which is usually
not known in most quantum information applications. A
good quantifier in this case is the process fidelity [32]
F = |χtχ
†
dd|√
Tr(χtχ
†
t)Tr(χddχ
†
dd)
. (1)
Here χdd is the process matrix corresponding to the
evolution of the qubit when DD is applied, and χt is
the process matrix corresponding to a target process.
The χ-matrix can be used to characterize non-unitary
evolutions ρf =
∑
nm χnmEnρiE
†
m , where ρi and ρf are
the density matrices at the beginning and at the end of
the evolution. The set of operators {Em} form a basis,
here we choose the base set as {I, σx, iσy σz}, where I
is the 2 × 2 indentity matrix and σk is one of the Pauli
matrices. Using this base, the process matrix χdd can be
determined by a quantum process tomograph [33], while
the target matrix, χdd, is given by
χt =

1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
 . (2)
To analyze the qubit dynamics, we can use the quantum
channels formalism. The density matrix evolution for a
given quantum channel is given by
ρf =
∑
n
KnρiK
†
n, (3)
where Kn is a Krauss operator [33]. To describe deco-
herence and relaxation processes of a qubit, it is often
used the Amplitude Damping Channel (GAD), which de-
scribe the dissipative interactions between the system and
its environment, and the Phase Damping (PD) channel,
that models the loss of coherence without loss of energy.
The Krauss operators corresponding to the simultaneous
action of GAD and PD can be written as
K1 =
√
λ
[
1 0
0
√
1− γ
]
,K2 =
√
1− λ
[
0
√
γ
0 0
]
K3 =
√
1− λ
[
1 0
0
√
1− γ
]
, and K4 =
√
λ
[
0
√
γ
0 0
]
, (4)
where γ = (1− e∆tβ) is the probability that the excited
state has decayed to the ground state in the time interval
∆t and 1− λ = (1− e−∆tα)/2 is the probability that the
phase φ, in the general state |ψ〉 = a|0〉 + eiφb|1〉, has
inverted due to the interaction with the environment. Ac-
cording to this model, the coherence decays exponentially
with decay constant T2 = (α + β/2)
−1 while all initial
states are mapped to the ground state |0〉. For numerical
calculations the evolution of the qubit was discretized
into small time steps, ∆t, and the equations (3) and (4)
were applied recursively.
Usually, when applying DD sequences we aim to remove
dephasing. If all dephasing processes were removed (α =
0), then we would have T2 = 2T1 where T1 = 1/β is
the longitudinal relaxation time. In figure 1 we can see
the results of a typical experiment performed to measure
the relaxation times of a qubit in the Rigetti’s chip, the
relaxation times were measured as T2 = 35µs and T1 =
25µs, the best decoherence time, T2, achievable for this
qubit would be therefore 50µs.
Results. Using the above formalism, quantum process
tomographies of different DD sequences were performed
in the Rigetti platform. For each DD tested, a large num-
ber of DD cycles were applied to a single qubit in the
Aspen-4-2Q-H lattice. After a defined number of cycles,
a quantum process tomography was performed and the
process fidelity computed to quantify the performance of
the sequence.
First, it was studied the performance of the basic XY −
4. In figure 2 we see a comparison between the XY − 4
sequence, the Hahn echo, and the free evolution, i.e. when
no DD is applied to the qubit. In the case of the free
evolution, the fidelity oscillates in the beginning and decay
to a constant value. Those oscillations are corrected when
the Hahn echo is used, which indicates that a spurious
small DC magnetic field might be present. The fidelity is
improved by the application of the XY −4 sequence when
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Figure 2: Comparisons between the Hahn echo, the XY − 4 sequence, and the free evolution. (a) Illustration of the Hahn echo.
(b) Illustration of the XY − 4 sequence. (c) Process fidelity as a function of time for the Hahn Echo (red circles) and the XY − 4
sequence. The time intervals between the XY − 4 pulses are τ = 120ns (black squares) , τ = 80ns (blue triangles) and τ = 40ns
(green diamonds). The solid lines are the fitted models (see text). The inset shows a comparison between the Hahn Echo and the
free evolution of the qubit. (d) The theoretical process matrix representing the quantum channel described by the equations 4,
when the evolution time t→∞. In (e) and (f) we can see the process matrices observed at t = 150µs for the Hahn echo and the
XY − 4 sequence, respectively.
the delay between pulses is τ = 120ns. However, when the
delay is decreased to τ = 80ns and τ = 40ns, the fidelity
drops quickly to a minimum value and then increases until
finally stabilizing at a constant value. In an ideal case,
decreasing the delay between pulses should result in better
decoupling, however, when errors are present, smaller
delays also implies that the error will accumulate faster,
resulting in a counterproductive effect. The recurrence
in the fidelity decay observed for the XY − 4 sequence
is similar to those results obtained in NMR experiments
[34], where it was found that, in the presence of pulse
errors, the XY − 4 sequence can generate an additional
effective magnetic field which rotates the qubit.
In figure 2 we can also see that the observed fidelity
decay for the Hahn echo is well fitted by the model (4),
which combines PD and GAD, the fitting parameters
are α = 20.9kHz and β = 23kHz. However, the XY − 4
sequence can not be fitted by the same model. In the right
panels of the figure 2, we can see the process matrices
obtained at the time instant t = 150µs for the Hahn echo
and the XY −4 sequence. While the process matrix for the
Hahn echo is fully compatible with the equations (4), with
t → ∞, which map any initial state to the equilibrium
state |0〉, the process matrix observed for XY − 4 maps
all initial states to a completely depolarized state. This
result is interesting and shows that DD does not act
merely changing coherence times.
The qubit dynamics can be understood in terms of
an effective environment that results from the combina-
tion of DD and relaxation processes. When the qubit
evolves freely, spontaneous emissions drive the qubit to
the ground state. However, a decoupling sequence can
take the qubit out of the ground state, the combination
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Figure 3: Simulation of the quantum channel described by the
equations (4). The simulation starts in the ground state (black
curevs), |0〉, and the excited state (red curves), |1〉.
of the continuous application of DD pulses with sponta-
neous emission processes results in the statistical mixture
of the ground state and the excited state, as can be seen
in the simulations presented in figure 3. To model this
dynamcs we can consider an effective environment which
combines phase damping, bit-flip in different directions
and unitary rotations. A quantum channel that combines
all these features is described by the Krauss operators
K1 =
√
λ(1− γ)U , K2 =
√
(1− λ)(1− γ)σzU , K3 =√
γ/2σxU and K4 =
√
γ/2σyU , where U = e
−iω∆tσz/2,
1− λ = (1− e−∆tα)/2 is the probability of a phase error
occur, as in (4) , and γ = (1− e∆tβ) is the probability for
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Figure 4: Fidelity process as a function of time for different robust sequences, as indicated in each panel. The left panel illustrates
the DD sequences tested, the delay between pulses is kept fixed as τ = 80ns in all cases. The phase φ in the KDD sequence
alternates between two values: 0 and pi/2. The basic cycle of the UR20 sequence, not shown, is composed by 20 pulses with
phases given by φk = (k − 1)(k − 2)pi/10 + (k − 1)pi/2 where k = 1 · · · ...20 [31]. The table shows the fitting parameters for each
sequence.
a bit-flip error occur in x or y directions. We can see in fig-
ure 2c that this model fits well the process fidelity for the
XY − 4 sequence, the fitting parameters are α = 2kHz,
β = 23kHz, and ω ≈ 10−2rad/ms when the delay be-
tween pulses is τ = 120ns, α = 2kHz, β = 27kHz, and
ω = 33rad/ms for τ = 80ns and α = 7kHz, β = 21kHz,
and ω = 81rad/ms for τ = 40ns.
In figure 4 we can see the comparison between different
DD sequences. The performance of all robust sequences
is better than the XY − 4 sequence, which has the worst
performance among the sequences tested due to the accu-
mulation of errors. The oscillation of the fidelity observed
for the XY −4 sequence can be associated with experimen-
tal imperfections [34], which causes the qubit to rotate
around the z-axis. All robust sequences eliminates such
oscillation. The α parameter relates to the rate that a
phase error occurs, all DD sequences reduce this parame-
ter roughly by a factor of ten when compared to the Hahn
echo (α = 20.9kHz ). This is a clear indication that DD
sequences are mitigating dephasing mechanisms. However,
the β parameter, which is related to spontaneous emission,
could not be reduced. Furthermore, the combination of
robust DD and spontaneous emission also results in an
effective environment that maps all states to a completely
mixed state. All fidelities in the figure 4 were fitted with
the same effective channel described above. Still, from
figures 2 and 4 we can conclude that the usage of robust
DD is preferable than non-robust sequences.
Conclusion The ability to preserve quantum coherence
in the presence of noise is essential to the development
of quantum devices. Dynamical decoupling is a widely
used technique to protect qubits against noise, early ex-
periments have demonstrated the usefulness of DD in
many different types of qubits. Here different DD se-
quences were tested in a cloud-based quantum computer.
The performance of the sequences were characterized
by quantum process tomographies. While decoherence
and relaxation processes in the superconducting qubits
without DD are well modeled by the combined action
of amplitude damping and phase damping channels, the
application of DD results in different dynamics, which can
be viewed as an effective new environment. As in early
experimental tests of DD, it was also shown here that
the effect of pulse imperfections can lower the sequence
performance. Therefore the usage of robust DD sequences,
designed to mitigate experimental errors, are preferred
over non-robust sequences. The results reported here help
in understanding the dynamics of qubits under DD and
demonstrate the usefulness of DD on the current available
noisy quantum computers. In the future it is expected
that DD could be combined with error correction codes
[35, 36] to improve the fidelity of quantum gates. Another
attractive prospect for future work is the implementation
of DD in other platforms, such as the quantum computers
based on trapped ions technology.
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